[1] The dynamical characteristics of the tropical tropopause layer (TTL) are investigated using the Nonhydrostatic Icosahedral Atmospheric Model (NICAM) run on the Earth Simulator under an aqua planet condition. Two experiments are performed: one with a 3.5 km horizontal spacing and a three-dimensional snapshot output and another with a 7 km horizontal spacing and 3-hourly averages for 1 month. The number of vertical levels is 54 and the model top is at 40 km; the vertical spacing in and around the TTL is ∼700 m. Large-scale organized convection associated with convectively coupled equatorial Kelvin waves prevails around the equator. The zonal mean vertical distribution of cloud top height near the equator shows a realistic trimodal structure. The simulation results reveal that cumulus clouds penetrate the lapse-rate tropopause and the bottom boundary of the TTL (defined as the lapse rate minimum) for ∼0.1% and ∼25%, respectively, in the equatorial area. The frequency distribution of vertical wind may provide a good indicator of the TTL bottom boundary. A significant reduction in the speed of strong vertical winds is observed at ∼16 km. High variability in temperature and the water vapor mixing ratio observed around the tropopause is mainly caused by equatorial Kelvin waves generated by the organized convection in these experiments. Horizontal variability in tropopause height over a large-scale convective system is much smaller than that in the area of Kelvin waves. The gravity waves generated by this large-scale convective system locally control the temperature around the tropopause. In addition, large-amplitude gravity waves with a scale of 600 km are superimposed on the cold phase of Kelvin waves, producing one of the coldest regions around the tropopause. It is suggested that the combination of Kelvin waves and gravity waves may be one of the most effective dehydration processes in the TTL.
Introduction
[2] The tropical tropopause is the main entranceway for dehydrated tropospheric air into the stratosphere [e.g., Brewer, 1949; Holton et al., 1995] . Highwood and Hoskins [1998] and Folkins et al. [1999] suggested the existence of a transition layer around the tropical tropopause; this layer is now termed the tropical tropopause layer (TTL) (see also the review by Fueglistaler et al. [2009] ). Air in the TTL has the characteristics of both the troposphere and stratosphere, although the direct influence of deep convection is considered to be small. The TTL is defined as the layer between the level of maximum convective outflow, which is often defined in terms of the minimum temperature lapse rate [Gettelman and Birner, 2007] , and the cold point tropopause.
[3] Holton and Gettelman [2001] suggested that horizontal processing of air by passage through the Western Pacific cold trap is an effective means to explain the extreme aridity of the equatorial stratosphere. This idea was further investigated by Fueglistaler et al. [2005] based on a comparison of reanalysis data with satellite measurements of stratospheric water vapor. The results of these trajectory studies suggest that the quasi-horizontal transport process is indeed essential for dehydration of the stratosphere and that subgrid-scale processes such as cumulus convection are possibly of secondary importance. The role of deep cumulus convection in dehydration was discussed extensively during the 1980s and has recently reemerged as a research focus. The above trajectory studies are difficult, in principle, to address the importance of convection. In the following paragraphs, we present a brief review of studies that examined the role of deep convection in stratospheric dehydration.
[4] Johnston and Solomon [1979] proposed that intense thunderstorms that partly penetrate the tropopause may either hydrate the stratosphere via ice crystal transport or dehydrate the stratosphere via the adiabatic cooling of penetrating air. The authors also noted that thunderstorms are the only possible sink for stratospheric water. Danielsen [1982] proposed an effective dehydration mechanism associated with radiatively destabilized, thick anvil cirrus that may remain around the tropopause for 5-10 h. Danielsen [1993] made aircraft measurements in the "stratospheric fountain" region [Newell and Gould-Stewart, 1981] (i.e., tropical western Pacific during the northern winter), where and when the tropopause is coldest, and found a case in which the altitude of the minimum water vapor mixing ratio corresponds to the level of minimum temperature.
[5] Tropical convection generates various modes of atmospheric waves that propagate upward into the stratosphere. The role of such waves in dehydration around the tropical tropopause region was first recognized during the 1990s. Pfister et al. [1993] demonstrated the role of gravity waves generated by a tropical cyclone in controlling variations in tropopause temperature, during the same campaign as that of Danielsen [1993] . Tsuda et al. [1994] found that equatorial Kelvin waves strongly modify the tropopause temperature distribution, and discussed the possible role of such waves in stratosphere-troposphere exchange. The role of Kelvin waves in the transport of stratospheric, dry, ozone-rich air from the stratosphere to troposphere has been discussed previously based on balloon-borne measurements [Fujiwara et al., 1998 , the results of a general circulation model [Fujiwara and Takahashi, 2001] . Fujiwara and Takahashi [2001] suggested that Kelvin waves around the tropopause are excited by organized tropical convection, meaning that equatorial waves and organized clouds are both essential and constitute a large-scale system that controls transport and dehydration around the tropical tropopause.
[6] The TTL concept, which emerged in the late 1990s, indicates the essential role of horizontal transport and largescale waves (rather than penetrating cumulonimbus clouds) in dehydration. However, Dessler [2000, 2001] proposed that the TTL should be viewed as an analogue of the entrainment zone around the top of the planetary boundary layer, and that deep convection which penetrates the TTL is the primarily control on dehydration in this layer, and hence the main control on concentrations of water vapor in the stratosphere.
[7] Recent studies, based on analyses of satellite data, have estimated the frequency of deep convective clouds reaching the TTL and lower stratosphere. Gettelman et al. [2002] investigated brightness temperature data from geostationary satellites and found that 0.25%-0.75% of tropical clouds overshoot the tropopause. It should be noted that Sherwood et al. [2004] indicated that the cloud top altitudes estimated from geostationary satellite data are ∼1 km lower than those estimated from ground-based radar data. Therefore, the results of Gettelman et al. [2002] may represent the lower limit of cloud top height. Using Tropical Rainfall Measurement Mission (TRMM) satellite-borne radar data, Liu and Zipser [2005] showed that the cloud top altitude over the continents is higher than that over the ocean, and that 1.3% and 0.1% of tropical convection systems reach 14 km and the 380 K potential temperature level, respectively. Dessler et al. [2006] analyzed cloud-top height data obtained from Geoscience Laser Altimeter System (GLAS), carried onboard the Ice, Cloud, and Land Elevation Satellite (ICESat) and found that 0.34% of tropical clouds overshoot the tropopause.
[8] Mesoscale models and cloud-resolving models may be suitable for examining the role of deep convection in controlling dehydration within the TTL and in the formation of the TTL itself. Potter and Holton [1995] were the first to use a mesoscale model to investigate this problem, and they emphasized the role of convectively generated gravity waves rather than penetrating clouds. Kuang and Bretherton [2004] investigated the heat balance of the TTL using a model that explicitly calculates vertical winds without a cumulus parameterization for idealized cases, and found that deep convection acts to cool the TTL via turbulent heat-flux divergence. Küpper et al. [2004] used a mesoscale threedimensional cloud-resolving model and discussed the relative contributions of cumulus clouds and slow, large-scale nonconvective ascent to the transport of mass and moisture into the stratosphere. The authors showed that nonconvective mass flux into the stratosphere is 2 orders of magnitude greater than cumulus mass flux, and that gravity waves contribute to cooling around the tropopause. Chaboureau et al. [2007] simulated a tropical convection case over Brazil (22°S) in February 2005, when highaltitude aircraft measurements were conducted around the tropopause [Corti et al., 2008] . Both the simulation results and aircraft measurements indicated hydration (rather than dehydration) of the lower stratosphere due to ice crystals lofted by cumulonimbus clouds.
[9] Mesoscale models and cloud-resolving models are usually restricted to limited horizontal domains because of their huge computational cost. The results derived from such models may be strongly dependent on the applied boundary conditions, and such models inherently lack interaction between small-scale to mesoscale disturbances and large-scale disturbances to the general circulation. In the tropics, however, it is well known that such interaction is essential [e.g., Madden and Julian, 1994] .
[10] Here, we address this problem using a global nonhydrostatic model: the Nonhydrostatic Icosahedral Atmospheric Model (NICAM) [Tomita and Satoh, 2004; Satoh et al., 2008] . NICAM was developed at the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) and the Center for Climate System Research (CCSR), University of Tokyo, with the aim of enabling global cloud-resolving modeling with a horizontal resolution down to the order of 1-10 km, making use of massive parallel computers such as the Earth Simulator. In this paper, we analyze data from the first set of full NICAM experiments under an aqua planet condition. Using this data set, Tomita et al. [2005] showed the existence of realistic features of the tropical atmosphere, including hierarchical cloud structures, intraseasonal oscillations similar to Madden-Julian Oscillation [Madden and Julian, 1994] , and diurnal cycles in precipitation. Nasuno et al. [2007 Nasuno et al. [ , 2008 further investigated the tropical organized clouds in the data set and concluded that the intraseasonal oscillations are associated with convectively coupled equatorial waves. Nasuno [2008] used the same data set to investigate equatorial zonal mean zonal winds indicative of superrotation at the equator, and found that these winds are mainly controlled by the momentum transport associated with planetary-scale disturbances, particularly the moist Kelvin wave modes.
[11] In the present paper, we use NICAM aqua planet data to investigate the TTL in term of cloud top height statistics (section 4.1), major disturbances that control temperature (section 4.2), and the water vapor variations (section 4.3). The remainder of this paper is organized as follows. Section 2 provides details of NICAM and the aqua planet experiments, section 3 presents the general characteristics of the model atmosphere obtained from the experiments, section 4 provides the results and discusses their implications for the TTL, and finally, section 5 lists the conclusions.
Model Descriptions
[12] The dynamical core of NICAM is based on a nonhydrostatic scheme, without cumulus parameterizations [Tomita and Satoh, 2004; Satoh et al., 2008] . The horizontal grid is a modified icosahedral grid, and the cloud microphysical scheme proposed by Grabowski [1998] is applied. Two prognostic variables, precipitating and airborne hydrometeors, are defined, and liquid and ice phases are diagnosed by the temperature-dependent fractional ratio; there are four hydrometeors: cloud water, cloud ice, rain, and snow. The radiation scheme is based on that proposed by Nakajima et al. [2000] , and the level-2 closure scheme by Mellor and Yamada [1974] is used for diffusion processes. Surface flux is approximated by the bulk method proposed by Louis [1979] .
[13] In this experiment, the Earth is fully covered by ocean with zonally uniform sea surface temperature (SST) that is highest at the equator (27°C) and decreases with increasing latitude, following the standard SST profile (STD) of Neale and Hoskins [2000] . A persistent equinox is assumed during the entire integration period, whereby the Sun is always moving over the equator. The number of vertical levels is 54, with the model top at ∼40 km, resulting in ∼700 m spacing between levels in and around the TTL. The horizontal spacing of the icosahedral grid system is 14 km for the first run, 7 km for the second run, and 3.5 km for the final run. The initial condition was prepared with a 3.5 year integration of a T42-59-vertical-level atmospheric general circulation model (AGCM) (CCSR/National Institute for Environmental Studies/FRCGC AGCM version 5.7 [Numaguti et al., 1997] ). The zonal mean climatology obtained from the last 3 years of AGCM integration was interpolated onto the 14 km grid of the NICAM, and the 14 km grid version of the NICAM was integrated for 90 days. Next, the data on the 60th day of the 14 km grid run was interpolated onto the 7 km grid, and the 7 km grid version of the NICAM was integrated for 40 days. Finally, the data on the 20th day of the 7 km run was interpolated onto the 3.5 km grid version, which was then integrated for 10 days. The full threedimensional outputs are only available as 3 h averages outputted every 3 h from the 0th day to the 30th day for the 7 km grid run, and for a snapshot on the 5th day for the 3.5 km grid run, which corresponds to the 25th day of the 7 km grid run. These two data sets are analyzed in the present paper. It should be noted that the three-dimensional 7 km grid outputs were averaged onto the 14 km grids to reduce the amount of data. Output parameters are three-dimensional winds, thermodynamic parameters, water vapor, and four condensation variables. There are no outputs of radiative and diffusion parameters.
General Characteristics of the Aqua Planet Experiment
[14] Figure 1 shows the zonal mean fields of zonal wind, temperature, and meridional and vertical winds using 3.5 km grid snapshot data. The results from the 7 km grid calculations are generally similar to those obtained from 3.5 km grid data. Figure 1a shows that the tropical troposphere above 5 km is westerly on average and that subtropical westerly jets occur at around 13 km. The zonal mean equatorial westerlies are also observed in the upper troposphere above 12 km in the 7 km grid data. Nasuno [2008] proposed that this equatorial westerly (i.e., a superrotation) is mainly influenced by the effects of Kelvin wave modes. The 5°S-5°N mean temperature and height of the cold-point tropopause (CPT) are on average 181.1 K and 18.2 km, respectively; these values are colder and higher, respectively, than the observed zonal mean tropical CPT in March (191 K, 17 .1 km) [Seidel et al., 2001] . This is mainly caused by a too low initial condition. The 4°S-4°N averaged temperature at 17.5 km was initially 182.7 K. The CPT height is constant between 30°S and 30°N, in agreement with observations [Seidel et al., 2001] . The local maxima of northward (southward) winds are seen around 5°S (5°N) at the surface, and around 5°N (5°S) between 10 and 16 km. Strong upward winds are confined to between 5°S and 5°N, reaching ∼14 km on average. These signals of meridional vertical wind indicate the Hadley circulation, with lowerlevel convergence and upper-level divergence near the equator.
[15] Figure 2 shows the longitude-time distribution of outgoing longwave radiation (OLR) averaged for 5°S-5°N using 7 km grid 3-hourly data. Large-scale eastward propagating organized clouds are remarkable in Figure 2 . A cloud cluster is seen at 30°W-30°E on day 0 with a zonal scale of 3000 km; the cluster propagates globally at 17.5 m s −1 and disappears at around 0°around day 28. Hereafter, we refer to this cluster as Super Cloud Cluster-A (SCC-A). Another large-scale organization, as large as SCC-A, appears at 90°W-60°W around day 14. We term this cluster SCC-B. As with SCC-A, the zonal phase speed of SCC-B is ∼17.5 m s −1 . SCC-B does not dissipate during the calculation.
[16] Nasuno et al. [2007] noted that SCC-B consists of westward propagating cloud clusters (CCs) with a zonal scale of ∼500 km, being similar to the observed hierarchic structure of tropical convection [e.g., Nakazawa, 1988] . Around day 21, a mesoscale cloud system with a zonal scale of several hundred kilometers appears ∼3000 km east of SCC-B and propagates eastward at 12 m s −1 . The system reaches its mature stage around days 25-26, when 3.5 km grid snapshot data are available. Nasuno et al. [2007] suggested that this cloud system is a well-organized squall-type cloud system, being categorized as a super convective system (SCS) as defined by Chen et al. [1996] . Therefore, we also refer to this system as an SCS.
[17] Figure 2 also shows the horizontal distribution of OLR using 3.5 km grid snapshot data at 0000 UT on day 25. Although the 3.5 km grid run is a free run with the initial conditions provided from the 7 km grid run on day 20, the tropical cloud distribution on day 25 is similar for both runs. Cloud systems corresponding to SCC-A, SCC-B, and the SCS are found around 60°W-15°W, 15°E-70°E, and 90°E-110°E, respectively. If we take 105 W m −2 as a threshold OLR value for tall clouds, following Chen et al. [1996] , the zonal scale of the SCS is ∼1,100 km. The SCS consists of two cumulonimbus clouds, and the minimum OLR value reaches ∼60 W m −2 .
[18] Figure 3 shows average profiles of temperature, potential temperature, vertical temperature gradient, and the frequency distribution of cloud top height for 5°S-5°N. The cloud top height is defined as the highest (linearly interpolated) level at which the total condensates (including cloud ice, cloud water, rain, and snow) is equal to 0.01 g kg −1 , following Grabowski [1998] . The results obtained from 3.5 and 7 km grid data are generally in good agreement. The temperature and height of the CPT are 181.1 K and 18.2 km, respectively, and those of the lapse-rate tropopause (LRT: in short, the lowest level at which the lapse rate decreases to 2°C km −1 [e.g., Seidel et al., 2001] ) are 184.1 K and 17.9 km, respectively; the values obtained for lapse-rate tropopause are colder and higher, respectively, than the observed zonal mean tropical lapse-rate tropopause in March (191 K, 16.8 km) . The standard deviation of temperature is ∼2.2 K between 16 km and 20 km for 7 km grid data. Using GPS satellite data between 20°S and 20°N in January 2006, Gettelman and Birner [2007] showed that the standard deviation of temperature at cold point tropopause is ∼3.9 K.
[19] The bottom boundary of the TTL, defined by the lapse rate minimum [e.g., Gettelman and Birner, 2007] , is located at 11.2 km, and that defined by 350 K potential temperature is located at 14.5 km. There exist two major maxima in cloud top height frequency, at 1-3 and 11-14 km. The former corresponds to the trade inversion, and the latter to the level of maximum convective outflow. A small maximum is observed around 5.5-6 km, slightly above the melting layer (0°C, at 4.9 km). This cloud top height distribution, with three maxima, may correspond to the observed trimodal structure in tropical convection, as discussed by Johnson et al. [1999] .
[20] Figure 4 shows the probability density distribution for lapse-rate tropopause potential temperature and the boundary layer (35-1.9 km) equivalent potential temperature for 5°S-5°N. As discussed by Fueglistaler et al. [2009] , the existence of an overlap between the two distributions provides an indirect indication that some clouds may reach the stratosphere. The overlap ratio in the present case is much lower than that obtained at Koror in the tropical western Pacific, as analyzed by Fueglistaler et al. [2009, Figure 13a] . Note that Fueglistaler et al. used Koror data for 1999 in all seasons (I. Folkins, personal communication, 2009) . Their method can result in a significant overestimate of the overshoot probability if, for example, there exists a difference between the season for lower lapse-rate tropopause and the season for higher boundary layer equivalent potential temperature. Using our model data, we further investigated the ratio for the area where the boundary layer equivalent potential temperature is equal to or greater than the lapse-rate tropopause potential temperature at each grid point. We found that the ratio is zero for 3.5 km grid snapshot data and ∼0.01% for 7 km grid 30 day data. However, as discussed in section 4, the actual overshooting frequency estimated using direct cloud information is much higher than those estimated from boundary layer equivalent potential temperature.
Results and Discussion

Cloud Top Height Statistics
[21] The height distribution of tropical cumulonimbus clouds represents the key to evaluating the role of such clouds in dehydration of the TTL and lower stratosphere. If cumulonimbus clouds penetrating the bottom boundary of the TTL and even the cold-point tropopause are not rare, their impact can be substantial. In this section, cloud top height statistics are investigated using various model para- Figure 3 . Average vertical distributions of (a) temperature (solid lines) and potential temperature (dashed lines) and (b) lapse rate (solid lines) and frequency of cloud top height (dashed lines) for the region 5°S-5°N. Thick and thin lines are derived from 3.5 km grid snapshot data and 7 km grid 30 day data, respectively. meters, and are compared with the limited available observation data.
[22] Figure 5 shows the longitude-altitude distribution of cloud (defined as total condensates, including cloud ice, cloud water, rain, and snow) and the longitudinal distributions of lapse-rate tropopause and the TTL bottom boundary, defined as the lapse rate minimum averaged for 5°S-5°N using 3.5 km grid data. Many clouds overshoot into the TTL. The frequency of grid points with clouds penetrating the mean TTL bottom boundary (11.2 km) and the mean lapse-rate tropopause (17.9 km) is 25.3% and 0.14%, respectively (Figure 3 ). More than 90% of clouds that overshoot the mean lapse-rate tropopause are located in the region of SCC-B (15°E-70°E) and the SCS (90°E-110°E). Eighty percent of clouds whose top is located above 10 km have their base in the lower to middle troposphere. The tropopause shows large variations in longitude, particularly at 60°W-0°; this point is discussed in section 4.2.
[23] The bottom of the TTL is largely controlled by vertical mass flux associated with cumulus convection [e.g., Folkins et al., 2000; Folkins, 2002] . Thus, the vertical frequency distribution of vertical wind velocity may provide further insight into the TTL structure in the model.
[24] Figure 6 shows vertical profiles of mass flux for clear sky regions and deep convective regions between 25°S and 25°N. Deep convective regions are defined as grid points where the cloud top is higher than 10 km and the cloud bottom is lower than 2.0 km; such regions are mainly located between 5°S and 5°N (Figure 2) . The net downward mass flux in clear sky regions is largely balanced by net upward mass flux in convective regions. The local minimum (maximum) of mass flux for clear sky (convective) regions is found around ∼8 km (400 hPa).
[25] Using data from the Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) and a buoyancy-sorting cloud model, Ciesielski et al. [2003] showed that the local maximum of convective mass flux is located between 300 and 500 hPa. Above ∼8 km, absolute values of mass flux in both regions decrease with altitude, and change their sign at ∼16 km. This finding suggests that lower to middle tropospheric air is merely transported directly above ∼16 km by convection. [26] Figure 7 shows the convective detrainment rate calculated from the clear-sky mass flux profile shown in Figure 6a (similar to Figure 1 of Folkins et al. [2006] ). A mean entrainment is seen below ∼7 km, and a mean detrainment is seen above ∼7 km up to 17 km. Between 15 km and 17 km, a negative gradient is observed. This is qualitatively consistent with the result by Folkins et al. [2006] .
[27] Figure 8 shows the frequency distribution of vertical wind. Strong vertical wind speeds (10 m s −1 ) are only found in upward winds, possibly directly associated with deep convection. The frequency curves for 0.8 and 1.6 show a sudden decrease with height within the TTL, particularly for upward winds. The curve for 0.8 crosses 10 m s −1 at ∼16 km for upward winds. Considering that in this model the mean horizontal wind at the equator in the TTL is ∼15 m s −1 , the 16 km level may represent some type of boundary for the mass flux.
[28] Next, we consider the latitudinal distribution of penetrating clouds. It should be noted that there exist several points (0.024% of the grid cells in the area 5°S-5°N) where . The number of symbols representing the tropopause and TTL bottom is reduced to one sixtieth of the model resolution.
the bottom of TTL, as defined by the lapse rate minimum, is located above the mean lapse-rate tropopause at 17.9 km. This results from the influence of large-amplitude equatorial Kelvin waves (see section 4.2). We excluded these points from the frequency calculations. Figure 9 shows the latitudinal frequency distribution of the cloud top located in the stratosphere and in the TTL, where the cloud top height is again defined as 0.01 g kg −1 total condensates. We also show the frequency of cumulonimbus penetration by applying an additional condition (i.e., the cloud base being located within the planetary boundary layer). For 3.5 km grid data, the maximum frequency is seen at ∼2°S for stratospheric penetration and at ∼1°S for TTL penetration. These high clouds are located mainly in the SCC-B and SCS regions. The frequency of TTL penetration decreases with increasing latitude, and tropopause overshooting does not occur outside the 5°S-3°N region. For 7 km grid data at 0000-0300 UT on day 25, the maximum frequency of stratospheric penetration is seen at the equator, and decreases with increasing latitude; a similar trend is observed for TTL penetration, although with a maximum frequency at 2°S. The difference in the peak location of stratospheric penetration between 3.5 and 7 km grid data reflects the slightly different structures of SCC-B and the SCS. For 7 km grid data with a 30 day average, the maximum frequency is seen at the equator for both stratospheric and TTL penetration, decreasing with increasing latitude. The differences between Figures 9a and 9c and between Figures 9b and 9d reflect the existence of cirrus, anvil, and stratus. We found that in the 3.5 km grid data, cirrus with a thickness 1 km (2 km) occur in 13.1% (25.5%) of the 5°S-5°N region above 10 km.
[29] In our model, for 3.5 km grid data, the lapse-rate tropopause penetration for 5°S-5°N is 0.17%; for 7 km grid data, the equivalent value is 0.25%. Using the GLAS ICESat data, Dessler et al. [2006] show that overshooting frequency is 0.34% in the tropics. The overshooting frequency from our results is slight lower than that obtained from observations by Dessler et al., [2006] . We note once again that the overshooting frequency estimated from potential temperature, as discussed in section 3, does not correspond to the actual overshooting frequency in our aqua planet experiments. One possible reason for this discrepancy is that in section 3 we did not consider the time taken for boundary layer air to reach the tropopause; potential temperatures should have been compared along the same in-cloud trajectories.
Major Disturbances in the TTL 4.2.1. Equatorial Kelvin Waves
[30] Figure 10 shows the horizontal distribution of lapserate tropopause height using 3.5 km grid snapshot data. We observe a region with very high tropopause at 30°W-15°W, 10°S-15°N, with a ∼3 km drop at ∼15°W. The tropopause over other tropical regions (including 15°E-110°E) where SCC-B and the SCS exist shows no significant large-scale variations. [31] Figure 11 shows the longitude-altitude distributions of total condensates and temperature anomaly from the zonal mean, together with the lapse-rate tropopause locations at the equator (0.018°N). Convection associated with SCC-A can be seen around 50°W-30°W, and a clear gap in the tropopause is found at ∼15°W. The high tropopause west of 15°W corresponds to the boundary between a warm anomaly below and a cold anomaly above, while the low tropopause east of 15°W corresponds to a cold anomaly around the lapse-rate tropopause. These temperature anomalies in the TTL are closely related to SCC-A. We observe two tilted cold anomalies around SCC-A: one from 60°W at 13 km through 15°W at 15 km and further east, and the other from 60°W around 8 km through 0°at 6 km and further east. A warm anomaly is located between these two cold anomalies, east of SCC-A. These observations are characteristic of convectively coupled equatorial Kelvin waves, as discussed by Wheeler et al. [2000] .
[32] Figure 12 shows the phase relationship between temperature and zonal wind for TTL disturbance. At 18.2 km, the warm anomaly is centered at ∼30°W, while the eastward wind anomaly is centered at ∼50°W and the westward wind anomaly is centered at ∼10°W. The center of the cold anomaly is unclear. If we focus on the warm anomaly and zonal wind "wave packet" at 60°W-0°, which are moving eastward (Figure 13 ), we observe that the temperature anomaly leads the zonal wind anomaly by a quarter cycle. Furthermore, the meridional wind component is negligible near the equator, and the zonal wind distribution is symmetrical about the equator.
[33] Figure 13 shows the longitude-time distribution of temperature anomaly averaged for 5°S-5°N, at 18.2 km. The solid lines in Figure 13 represent the tracks of organized convection, SCC-A, SCC-B, and the SCS (see Figure 2) . Signals propagating eastward at 24 m s −1 are clearly seen; these are slightly faster than SCC-A. The dispersion relation of equatorial Kelvin waves is w = ku − Nk/m, where w, k, u, N, and m are frequency, zonal wave number, background zonal wind, buoyancy frequency, and vertical wave number [Andrews et al., 1987] , respectively. Zonal wavelength (2p/k) is estimated as 12,000 km, vertical wavelength (2p/m) as 8 km, u as 8.9 m s −1 , and N as 2.36 × 10 −2 s −1 . These values are taken from day 8 (0000 UT) in the 7 km grid data (not shown). Note that zonal mean zonal wind is used as the background wind. The period (2p/w) is ∼6 days (see Figure 13 , from the warm phase at day 7 to the cold phase at day 10, along 120°E), corresponding to w of 1.2 × 10 −5 s −1 . These values reasonable satisfy the dispersion relation of equatorial Kelvin waves, and are characteristic of equatorial Kelvin waves [e.g., Parker, 1973] . Similar to the cases discussed by Fujiwara and Takahashi [2001] and Fujiwara et al. [1998 Fujiwara et al. [ , 2009 , organized convection associated with SCC-A in the present case generates a dry Kelvin wave packet in the TTL. It is important to note that individual cumulus clouds simulated in these experiments are organized to form large-scale waves in the TTL; cloud organization may therefore be more important than indi- . Latitudinal distributions of the frequency of clouds located (a) above the local lapse-rate tropopause and (b) above the local TTL bottom boundary defined by the lapse rate minimum, using 3.5 km grid snapshot data (solid lines), 7 km grid data on day 25 at 0000 UT (thick dashed lines), and 30 day data (thin dashed lines). (c) As in Figure 9a but for clouds with a base located below 1.9 km (i.e., within the boundary layer). (d) As in Figure 9b but for clouds with a base located below 1.9 km. vidual cumulus clouds for the TTL in terms of dehydration within the TTL.
Gravity Waves Superimposed on the Cold Phases of Kelvin Waves
[34] We found a very cold area (174 K) in a cold phase of Kelvin waves, at around 49.5°E, 0.5°N (Figure 12) . Figure 14 shows a horizontal map of temperature and horizontal winds, focusing on this cold area. Horizontal wind divergence is observed in this region, and the meridional wind component is as strong as the zonal wind component. Figure 14 also shows the longitude-altitude distribution of potential temperature and zonal-vertical wind vectors along 0.5°N around the tropopause. We observe an upward air displacement that results in adiabatic cooling at 48°E-56°E and 17-19 km. In this region, no deep convective clouds extend above 16 km. At 46°E-48°E, we see downward air displacement with a similar magnitude to that of the upward air. Focusing on the 370 K potential temperature contour at 46°E-52°E, we observe a wave signal with a zonal wavelength of ∼600 km. The wave form departs from sinusoidal, the amplitude is very large, and the air is neutrally stratified at 49°E; these features are characteristic of large-amplitude, breaking gravity waves. In fact, vertical profiles of zonal wind and meridional wind at 46°E-52°E clearly show a quadratic phase difference at 16-22 km (not shown); based on the hodograph, the vertical wavelength is estimated to be ∼3 km. The amplitudes of the temperature, and zonal and meridional wind components are 1.8 K, 4.8 m s −1 , and 3.6 m s −1 , respectively. Further analysis of the wind data suggests that wave energy is propagating westward and upward. The period relative to the ground is estimated to be ∼3 h, based on the dispersion relation of gravity waves, w = ku − Nk/m. The gravity waves discussed above are probably generated from SCC-B. Because SCC-B is located to the east of SCC-A, which generated large-amplitude Kelvin waves in the TTL, the gravity waves generated by SCC-B encounter the cold phase of Kelvin waves at the tropopause level, resulting in very cold temperatures. Pfister et al. [1993] observed gravity waves superimposed on large-scale disturbances around the tropopause, based on Stratosphere-Troposphere Exchange Project (STEP) data. Fujiwara and Takahashi [2001, Plate 1] observed a similar relationship (i.e., two large-scale convective organizations and large-amplitude Kelvin and gravity waves in the TTL) in an AGCM experiment. If this is a general relationship, the gravity waves superimposed on the cold phases of Kelvin waves may represent an important dehydration process in the tropical stratosphere.
Structure of SCS
[35] Figure 15 shows a close look at an SCS using 3.5 km grid snapshot data. The SCS ranges from 95°E to 106°E, and from 4°S to 5°N. The highest cloud top is located at 19.6 km at 101.3°N, 1.21°S, while the tropopause height at this point is 18.5 km; therefore, the cloud overshoots the tropopause by about 1 km. The tropopause height in the region between 100°E and 105°E (the core of the SCS) is 17 km, lower than the height for the rest of the SCS region (18 km). In the core region, the lapse-rate tropopause temperature is also lower, attaining a minimum 173.2 K at 103.2°E, 0.018°N. At 18 km and between 100°E and 105°E, the temperature is warmer than that of the rest of the SCS region. These tropopause features are discussed below. Figure 15 also shows vertical profiles of in-cloud properties at 103.2°E, 0.018°N. The in-cloud temperatures at 5-16 km are higher than the zonal mean temperature because of latent heat release. The in-cloud temperature at 17-21 km has two local minima. The dry adiabatic lapse rate is only seen at around 17 km. The lapse rate at around 20 km, at the upper minimum, is −1°C km −1 , much larger (and weaker) than the adiabatic lapse rate. These results suggest that the lower minimum is directly caused by deep convection, while the upper minimum may be due to gravity waves. We also , and 0.02 s −1 , respectively, the period is estimated to be ∼15 h. At this grid point, the cloud top height is 18.9 km, and the gravity waves caused a warm anomaly above 19 km due to their downward winds. These downward motions may have suppressed convective overshooting and directly influenced cloud particles in the lower stratosphere.
[36] In this section, we analyzed the in-cloud properties of an SCS using 3.5 km grid snapshot data. Such gigantic cloud systems were observed over the Indo-Pacific oceanic warm pool by Chen et al. [1996] . We found that clouds overshoot the tropopause by ∼1 km and moisten the TTL, at least at that time. We also found that downward motions associated with gravity waves, as generated by the SCS, may prevent the cloud top from deeply penetrating the lower stratosphere. This finding suggests the need to consider detailed, complex cloud and wave dynamics to understand the cumulus overshooting process.
Water Vapor in the TTL
[37] Because of insufficient model integration time (90 days) and very dry initial lower stratosphere of the experiment, the stratospheric water vapor was found not to attain equilibrium at the time of analysis. Therefore, we investigate short-term variability in TTL water vapor and its cause, based on the NICAM aqua planet 7 km grid experiment in this section.
[38] Figure 16 shows the longitude-time distribution of water vapor mixing ratio at 18.2 km. Dry signals propagating eastward at ∼24 m s −1 are clearly seen. A broad dry signal exists between 170°W and 60°W on day 0, and propagates eastward at ∼24 m s −1 until day 30. At around day 15, there appears another eastward moving dry signal. Referring to the tropopause temperature field in Figure 13 , we observe that the dry signals correspond to the warm phases of Kelvin waves. Because these dry signals are the prominent feature in the water vapor field around the tropopause in this model, and because this type of large-scale disturbance is an important process in the real world, we investigated the eastward propagating dry signals in more detail by undertaking a composite analysis. The composite was constructed by taking the composite center (lag zero) at the time +2 K temperature anomaly appearing in the Kelvinwave area at 60°E-120°E (see the area outlined by the rectangle in Figure 13 ). Next, we took the period from day −6 to day +6 as the composite lag days, and obtained time series data (at 3 h intervals) at each longitude (from 65°E to 130°E; at intervals of 0.14°; 462 points in total). Note that the selected area includes two warm signals (Figure 13 ). Figure 17 shows the composite results; i.e., the time-altitude distributions of temperature, potential temperature, zonalvertical wind vector, and water vapor mixing anomaly. It is evident that the dry anomaly at lag time days 0-2 and at 16.5-19 km is located not at the cold phase of Kelvin waves but at the warm, downward displacement phase. This means that dry air is produced via dry air transport from the tropical lower stratosphere rather than via condensation processes. This is because the tropopause water vapor has not attained equilibrium and is too dry in this experiment. The dry air transport in the warm phases of Kelvin waves itself is an important drying process in the TTL, as observed by Fujiwara et al. [ , 2009 .
Concluding Remarks
[39] We investigated various features of the TTL using a global, nonhydrostatic atmospheric model, NICAM, calculated at horizontal grid intervals of 3.5 and 7 km under an aqua planet condition. Large-scale organized convection with realistic hierarchical structures is observed around the equator in the model outputs.
[40] The frequency distribution of cloud top height contains two major maxima: around the top of the planetary boundary layer and at around 11-14 km. The latter corresponds to the level of maximum convective outflow, which determines the bottom of the TTL. At 5°S-5°N, we found that clouds reach the TTL in 25.3% of the area and that clouds overshoot the mean lapse-rate tropopause level (17.9 km) in 0.14% of the area. These results suggest that cumulus clouds can play a major role in dehydration within the TTL. We also investigated tropical vertical wind statistics that may characterize direct convective mass flux into the TTL. We found that ∼16 km is the level at which very strong upward winds (∼10 m s −1 ) cease to exist. The latitudinal frequency distribution of clouds overshooting the lapse-rate tropopause was slightly lower than that from observations [Dessler et al., 2006] . For 3.5 km grid (7 km grid) data, the average frequency of lapse-rate tropopause penetration for 5°S-5°N is 0.17% (0.25%). We also found that estimating the overshooting probability based on the boundary layer equivalent potential temperature and the tropopause potential temperature might not reflect reality.
[41] We investigated major disturbances that control temperature and water vapor in the TTL. The temperature and water vapor mixing ratio around the tropopause at a zonal scale of ∼12,000 km are controlled mainly by equatorial Kelvin waves generated by a super cloud cluster (SCC-A). Very cold points are found on the cold phase of Kelvin waves, resulting from gravity waves with a horizontal scale of ∼600 km and superimposed on a cold phase. The gravity waves are generated by a second super cloud cluster (SCC-B) located to the east of SCC-A, which generated large-amplitude Kelvin waves in the TTL. The meeting of the cold phases of these two waves resulted in very cold temperatures in the TTL. If such a positional relationship is a common feature of organized convection, this mechanism could be an important dehydration process in the TTL. It should be emphasized that cloud organization and wave generation may be more important in the TTL than are individual cumulus cloud processes.
[42] The model also simulated a gigantic cumulus cloud system: a super convective system (SCS) with a zonal scale of 1100 km. We investigated the in-cloud properties of the SCS. The highest cloud top is located at 19.6 km; the clouds overshoot the tropopause by ∼1 km. Tropopause height and temperature in the region of deep convective clouds are generally lower than those of the environment. We also found two local minima in the temperature profile around the tropopause. The lower minimum is directly influenced by the deep convection, while the upper minimum is caused by gravity waves generated by the SCS. The gravity waves caused downward motions above the SCS and may have played a role in preventing the cloud top from penetrating deep into the lower stratosphere. It is suggested that a detailed consideration of cloud and wave dynamics is necessary to understand the overshooting process.
[43] It was not possible to perform an analysis of water vapor budget in the TTL because of inadequate (excessively dry) initial stratospheric conditions and an excessively short integration time. High variability in water vapor within the TTL was caused by Kelvin waves, associated not with condensation drying in the cold phases but with dry air transport from the tropical lower stratosphere in the warm phases. Previous observations have revealed that dry air transport by Kelvin waves is an important process in terms of water vapor control.
[44] Our results demonstrate that interaction between small-and large-scale processes is essential in the TTL in terms of dehydration and transport within the TTL. In particular, cloud organization and wave generation are the keys to understanding water vapor control in the TTL. The global, nonhydrostatic model NICAM is an appropriate tool with which to investigate such interactions.
